for decontaminating chicken skin and muscle inoculated with Listeria innocua was examined. 23 Optimization of operating conditions for maximal bacterial inactivation was first achieved 24 using membrane filters on which L. innocua had been deposited. Higher values of AC 25 voltage, excitation frequency and the presence of oxygen in the carrier gas resulted in the 26 greatest inactivation efficiency, and this was confirmed with further studies on chicken 27 muscle and skin. Under optimal conditions, a 10 s treatment gave > 3 log reductions of L. 28 innocua on membrane filters, an 8 min. treatment gave 1 log reduction on skin, and a 4 min. 29 treatment gave > 3 log reductions on muscle. These results show that the efficacy of gas 30 plasma treatment is greatly affected by surface topography. Scanning electron microscopy 31 (SEM) images of chicken muscle and skin revealed surface features wherein bacteria could 32 effectively be protected from the chemical species generated within the gas plasma. The 33 developments in gas plasma technology necessary for its commercial application to foods are 34 discussed.
Introduction
technologies have been proposed including the use of various chemical agents such as alkali 48 (Rodriguez De Ledesma et al., 1996) , physical methods such as steam treatment (James et al., 49 2007) and biological control with bacteriophages (Carvalho et al., 2010) , but only treatment 50 with water supplemented with chlorine or a chlorinating agent is used commercially. The 51 effects of such decontaminating treatments are limited (Oyarzaball, 2005; Russel and Axtell, 52 2005). There is, therefore, need for an effective technology that can be operated within 53 commercial constraints. 54 The role of gas plasmas in microbial inactivation has been studied since the mid 1990s, but 55 their potential for food decontamination purposes has only recently been recognised. Gas 56 plasmas are usually generated by means of an external electric field; when the voltage applied 57 to a gas exceeds a certain threshold value the gas will become ionized. Gas plasmas comprise 58 mixtures of electrons, ions, atomic species, free radicals and UV photons, all of which have 59 the capability of inactivating micro-organisms (Perni et al., 2007) . In order to decontaminate 60 foods without bringing about undesired changes, gas plasmas should ideally be operated at or 61 near room temperature. Until quite recently this could only be achieved under vacuum, which 62 is inconvenient and expensive. Recent advances in plasma source technology allow the 63 generation of plasmas having both spatial and temporal stability at ambient temperatures and 64 atmospheric pressure using relatively simple and inexpensive equipment (Kogelschatz, 2002 (Kogelschatz, ). al., 2005 Vleugels et al., 2005) . Although most of the previous work on bacterial inactivation 68 has been conducted with bacteria deposited on the surface of abiotic materials such as 69 membrane filters and glass slides, data on the disinfection of foodstuffs is steadily 70 accumulating. To give examples, Perni et al., (2008b) examined the inactivation of a number 71 of micro-organisms on mango and melon, whilst Kim et al., (2011) reported on the 72 disinfection of bacon. 73 In the present work, the effectiveness of cold atmospheric plasmas for inactivating Listeria 74 innocua, a non-pathogenic surrogate for Listeria monocytogenes, (Perni et al., 2006) on the 75 surface of both membrane filters and chicken breast (skin and muscle) was examined. A range 76 of plasma operating conditions were first investigated in order to arrive at those that were 77 optimum for the inactivation of L. innocua deposited on the surface of membrane filters. 78 Those proving to be the most effective conditions were then applied to chicken skin and then 79 further modified for maximum efficacy. Following this, chicken muscle was treated under 80 these optimised conditions. Inocula for deposition on the surfaces of membrane filters and chicken tissue were prepared 91 by transferring single colonies from TSA slopes to 500 mL Erlenmeyer flasks, each 92 containing 100 mL of TSB. After 24 h incubation at 30 °C and 140 rpm, a loopful of cells 93 from these cultures was used to inoculate 100 mL of fresh TSB in 500 mL Erlenmeyer flasks, 94 incubated as before. Cultivation under these conditions yielded cell populations at stationary 95 phase of growth with a concentration of approximately 5.0 x 10 9 CFU mL -1 . This second 96 subculture, diluted to 5.0 x 10 7 CFU mL -1 was used to surface inoculate membrane filters, 97 chicken skin and muscle. Additionally, the same culture diluted approximately to 5.0 x 10 8 98 CFU mL -1 , was used to load sterile filter papers of 20 mm diameter (No. 1, Whatman, Fisher 99 Scientific, Loughborough, UK) by immersion in the dilute culture for 15 min. These bacteria-100 laden filters were used to inoculate samples of chicken muscle as described below. 
Preparation of chicken skin and muscle samples
approximately 2 mm thickness was cut from the subcutaneous muscle and stored in Petri 115 dishes. Discs of tissue were punched from both muscle and skin pieces using a sterile cork 116 borer of 20 mm diameter. The resulting discs were placed singly in Petri dishes. 117 Bacterial suspension (100 µL) was deposited onto the centres of the discs of skin and muscle, 118 taking care not to allow the suspension to overflow the edges. After inoculation the tissue 119 samples were kept at room temperature in a laminar flow cabinet for 60 min. to allow 120 attachment. Additionally, bacteria-laden membrane filters (prepared as described above) were 121 pressed lightly onto a dry, sterile filter paper for a few seconds to remove the excess liquid, 122 placed onto prepared chicken samples for 10 min., then carefully removed with forceps. All 123 experiments were conducted in triplicate with three independent cultures. 124 2.4 Cold atmospheric plasma apparatus 125 The cold atmospheric plasma system comprised a 1.5 mm inner diameter ceramic tube 126 confining a helium-oxygen flow; a concentric, ring-shaped, 1 cm wide copper electrode 127 wrapped around the ceramic tube and connected to a high-voltage power supply; and a disc 128 electrode (ground electrode) placed 0.5 to 1.5 cm downstream of the nozzle of the ceramic 129 tube ( Figure 1 ). The powered electrode was energized with a purpose-built, high-voltage, AC 130 power supply with a peak voltage of 6.5 to 16 kV, and a variable excitation frequency 7 The CAP-Pen diameter of 3 mm was much smaller than the bacterial deposition area 139 (approx.1 cm in diameter), therefore plasma treatment was effected by keeping the plasma 140 nozzle fixed and moving the sample beneath it in a zig-zag path by hand so that the entire 141 surface was exposed to the plume. The duration of CAP-Pen treatment varied from 10 s to 8 142 min. These total treatment times were about 10 fold greater than the time that any part of the 143 treated area was exposed to the plasma. Therefore it should be noted the D values quoted are 
Results and Discussion

Inactivation on membrane filters
186 Plasma inactivation of L. innocua deposited on membrane filters at a range of experimental 187 conditions is shown in Figure 2 and Table 1 Table 2 shows that L. innocua was inactivated to below the detection limit (1 indicates that L. innocua may be marginally more resistant to plasma treatment than is L. 210 monocytogenes. 211 When oxygen was added to the helium flow (experiments VI and VII), peak voltage and 212 excitation frequency had to be re-set to achieve stable plasma operation. Molecular gases 213 have higher breakdown voltages than atomic gases, and therefore the applied voltage had to 214 be increased when oxygen was mixed with helium. For the CAP-pen used here it was 215 necessary to increase the voltage to 9 kV at an excitation frequency of 38.5 kHz. However, and VI. The D value for the latter experiment was not significantly different to that obtained 274 in experiment I. However, when the oxygen flow was set at 100 mL min. -1 (experiment VII), 275 more effective inactivation was achieved than in experiment VI. To try to improve plasma 276 effectiveness, the distance between the plasma source and the chicken skin (the 'gap' in Table   277 2) was decreased to 0.5 cm (experiment VIII). Significantly lower log reductions (p < 0.05) 278 were achieved for L. innocua and total microflora as compared to experiment VII, although filters (experiment V, Table 1 ) and skin (experiment I, Table 2 ). However, when compared 317 with experiment II and the corresponding treatment on chicken skin (experiment IV), no 318 significant differences were found. Therefore, the presence of oxygen in the carrier gas played 319 a more decisive role on muscle than on skin, since inactivation in experiment II was seven-320 fold higher than in experiment I, whereas similar inactivation was achieved between skin 321 experiments I and IV. Finally, log reductions in muscle experiment III were significantly 322 higher than the values obtained for the corresponding skin experiment (VII). 323 Although the level of inactivation of L. innocua achieved on chicken muscle was lower than 324 that on membrane filters, the highest level achieved, approximately 3.3 log reductions, would 325 undoubtedly be of commercial interest. 326 
Plasma effectiveness and surface topography 327
Whereas all experiments were conducted under broadly similar conditions, the effectiveness 328 of plasma treatment decreased in the transition from membrane filters to chicken muscle, and from that to chicken skin. This is strongly suggestive that surface topography plays a 330 significant role in inactivation using gas plasmas. An average of 5.2 x 10 6 cells were 331 deposited on each membrane, and from theoretical considerations based on the dimensions of 332 L. innocua cells (assumed to be cylinders with dimensions of 1 µm x 0.5 µm) and the 333 membrane surface area (1 cm 2 ) stacking would start to occur only as the cells exceeded a 334 concentration in excess of 2 x 10 7 cells. Therefore, we can be reasonably certain that all cells 335 on the surface of the membrane were equally exposed to the gaseous plasma species.
336 337 An SEM image of skin removed from chicken breast is shown in Figure 3a , and reveals a 338 highly irregular topography. It is significant that SEMs taken after inoculation of the skin with 339 L. innocua did not reveal the presence of an abundance of bacteria at the surface. In Figure 3b   340 for example, only a small cluster of cells is visible slightly to the right of the centre of the 341 image. It is possible that bacteria which were deposited at the surface were drawn through 342 capillary action into feather follicles and other surface irregularities. Kim et al. (1996) 343 reported that bacteria could migrate from the surface to depths up to about 140 µm. 344 Microorganisms at these distances from the surface have previously been reported to be 345 largely unaffected by either thermal or chemical treatments. Moreover, the highest levels of 346 inactivation achieved by these methods was typically no more than 1 log-reduction (Thomas   347 and McMeekin, 1980) , the maximum value reported in this work. 348 The surface of the chicken muscle immediately following the two different inoculation 349 procedures employed here is shown in Figures 4a and 4b , the former was obtained after direct 350 deposition, and the latter following filter contact. Figure 4a clearly reveals the presence of Table 1 ). Dashed 481 lines correspond to concentrations below the detection limit. 28.6 ± 1. * Samples were not incubated to allow cell attachment, but treated immediately after cell deposition 1 Within the same column (4 or 8 min exposure) and the same type of count (Total or Listeria), log-reductions lacking common letters (subscripts) are significantly different (P ≤ 0.05). 2 Within the same row (same experiment) and same treatment (4 or 8 min), log-reductions bearing different superscripts (uppercase letters on the right) are significantly different (P ≤ 0.05). 3 Exp. I to III: within the same row (same experiment) and same type of count (Total or Listeria), log-reductions bearing different subscripts (brackets on the left) are significantly different (P ≤ 0.05). 4 For like comparisons (either Listeria or Total), D-values lacking common superscripts are significantly different (P ≤ 0.05). 5 For comparisons between Listeria and total counts for the same experiment, D-values lacking common subscripts (capital letters) are significantly different (P ≤ 0.05). 
